Application of advanced computational codes in the design of an experiment for a supersonic throughflow fan rotor by Wood, Jerry R. et al.
NASA Technical Memorandum 88915 
Application of Advanced Computational 
Codes in the Design of an Experiment 
for a Supersonic Throughflow 
Fan Rotor + = *  
Jerry R. Wood, James F. Schmidt, Ronald J .  Steinke, 
Rodrick V. Chima, and William G .  Kunik 
Lewis Research Center 
Cleveland, Ohio 
w ( h A S A - T f l - 8 8 9 1 5 )  A E P L I C A I I C I  CP ADVANCED 
C C I ? P O S A T I G N A L  CCCES X b  TBE L € $ l G b  OF A N  
E X P E B I H E N T  PO6 A SUPEKSCNIC IEhCUGHPLOW F A N  
€C'IOE (NASA)  30 p A v a i l :  blIS BC A03/8F 6 3  
I C 1  CSCL 01A HI02 
Prepared for the 
32nd International Gas Turbine Conference and Exhibit 
sponsored by the American Society of Mechanical Engineers 
Anaheim, California, May 31-June 4, 1987 
I 
N87-2 26 30 
U A C l a S  
0074756  
https://ntrs.nasa.gov/search.jsp?R=19870013197 2020-03-20T10:36:24+00:00Z
APPLICATION OF ADVANCED COMPUTATIONAL CODES I N  THE DESIGN OF AN EXPERIMENT 
FOR A SUPERSONIC THROUGHFLOW FAN ROTOR 
Jerry R. Wood, James F. Schmidt, Ronald J. Steinke, 
Rodrick V. Chima, and William G. Kunik 
National Aeronautics and Space Administration 
Lewis Research Center 
Cleveland, Ohio 44135 
ABSTRACT 
Increased emphasis on sustained supersonic or 
hypersonic cruise has revived interest in the super- 
sonic throughflow fan as a possible component in 
advanced propulsion systems. 
operate with a supersonic inlet axial Mach number is 
attractive from the standpoint of reducing the inlet 
losses incurred in diffusing the flow from a supersonic 
flight Mach number to a subsonic one at the fan face. 
The data base for components of this type is practi- 
cally nonexistent; therefore, in order to furnish the 
required information for assessment of this type fan, 
a program has been initiated at the NASA Lewis Research 
Center to design, build, and test a fan rotor that 
operates with supersonic axial velocities from inlet to 
exit. This paper describes the design of the experi- 
ment using advanced computational codes to calculate 
the unique components required. 
The fan rotor has constant hub and tip radii and 
was designed for a 2.7 pressure ratio with a tip speed 
of 457 mlsec. The rotor was designed using existing 
turbomachinery design and analysis codes modified to 
handle fully supersonic axial flow through the rotor. 
A two-dimensional axisymmetric throughflow design code 
plus a blade element code were used to generate fan 
rotor velocity diagrams and blade shapes. A quasi- 
three-dimensional, thin shear layer Navier-Stokes codes 
was used to assess the performance of the fan rotor 
blade shapes. The final design was stacked and checked 
for three-dimensional effects using a three-dimensional 
Euler code interactively coupled with a two-dimensional 
boundary layer code. 
A translating nozzle was designed to produce a 
uniform, parallel flow to the fan up to the design 
axial Mach number of 2.0. 
the three-dimensional Eulerlinteractive boundary layer 
code. The nozzle design in the expansion region was 
analyzed with a three-dimensional parabolized viscous 
code which corroborated the results from the Euler 
code. A translating supersonic diffuser was designed 
using these same codes. 
Use of a fan that can 
The nozzle was designed with 
INTRODUCTION 
Recent renewed interest in high-speed flight has 
focused attention on possible power plants to sustain 
efficient supersonic cruise or to act as boosters to 
accelerate a vehicle to moderate supersonic velocities 
where transition might take place to propulsion by a 
subsonic ramjet for subsequent acceleration to hyper- 
sonic velocities. One such power plant was discussed 
by Boxer (1) who proposed a hiqh bypass ratio turbofan 
enqinelramjet combination which utilized a variable 
pitch supersonic axial inflow fan. Cascade tests were 
performed with supersonic inflow air operating at 
2144 K and adequate coolinq was maintained. Spin pit 
tests were also conducted on a single blade to test a 
proposed mechanism for varying the pitch of the fan 
blades at the design tip speed of 448 mlsec with good 
success. 
Cycle studies have indicated that substantial 
improvements can be obtained by using a fan that was 
capable of accepting a supersonic axial component in a 
turbofan engine at supersonic cruise conditions. 
Ferri (2) was the first to point out the potential 
advantaqes of eliminating the subsonic portion of the 
supersonic inlet and providing a fan capable of accept- 
ing supersonic axial inflow. 
Franciscus (3) compared the performance of several 
supersonic throughflow fan engines to a reference tur- 
bofan enqine for a Mach 2.32 all supersonic cruise 
mission and concluded that use of a supersonic through- 
flow fan equipped engine could reduce specific fuel 
consumption by 12 precent which could lead to an 
improvement in range of 20 percent. 
sidered a mission for a supersonic transport operating 
at Mach 2.7 and concluded that a fan efficiency of 
68 percent would be necessary to have performance 
advantaqe over a turbojet engine with the same core. 
from a severe lack of experimental data to confirm 
assumptions concerning the fan performance. Only two 
experiments dealinq with supersonic axial inflow to an 
axial flow rotor are known to the authors. Savaqe (5) 
Tavares (4) con- 
All of the cycle studies to date have suffered 
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showed a s i n g l e  p l o t  o f  e f f i c i e n c y  versus  p ressu re  
r a t i o  f o r  a t r a n s o n i c  r o t o r  which was opera ted  a t  t i p  
speeds c o n s i d e r a b l y  above the  d e s i g n  va lue  i n  con junc-  
t i o n  w i t h  a Mach 1.5 annu la r  f l o w  n o z z l e  t o  s t u d y  t h e  
r o t o r  s t a r t i n g  c h a r a c t e r i s t i c s  w i t h  a shadowgraph tech-  
n ique .  The most tho rough  exper iment t o  d a t e  f o r  t h i s  
t y p e  o f  r o t o r  was conducted  by Breugelmans ( 6 ) .  He 
des igned and t e s t e d  an i s o l a t e d  r o t o r  w i t h  a des ign  
i n l e t  a x i a l  Mach number o f  1.5. Because of  a mechani- 
c a l  f a i l u r e ,  e x t e n s i v e  d a t a  was n o t  taken;  however, t h e  
r o t o r  d i d  s t a r t  as a n t i c i p a t e d  and a t o t a l - t o t a l  p res-  
s u r e  r a t i o  o f  about 2 a t  80 pe rcen t  des ign  speed was 
a t t a i n e d .  
appeared t o  be  o p e r a t i n g  w i t h  an i n t e r n a l  shock wh ich  
produced subson ic  a x i a l  f l o w  o u t  o f  t h e  r o t o r .  
Because o f  t h e  p o s s i b l e  advantages o f  i n c o r p o r -  
a t i n g  a superson ic  th rough f low  f a n  i n t o  t h e  p r o p u l s i o n  
sys tem f o r  h i g h  speed veh ic les ,  NASA Lewis  embarked 
upon a program t o  deve lop  the  compu ta t i ona l  c a p a b i l i t y  
t o  ana lyze  and des ign  tu rbomach inery  w i t h  superson ic  
a x i a l  i n l e t  Mach numbers. Recent developments i n  t u r -  
bomachinery a n a l y s i s  codes (Denton ( 7 ) ,  Chima ( 8 ) )  and 
modern h i g h  speed computers have combined t o  p r o v i d e  
t h e  tu rbomach inery  d e s i g n e r  w i t h  s o p h i s t i c a t e d  compu- 
t a t i o n a l  t o o l s  t o  g u i d e  him i n  a t t a i n i n g  a d e s i r a b l e  
des ign .  The s ta te -o f - the -a r t ,  however, i n  computa- 
t i o n a l  c a p a b i l i t y  i n  tu rbomach inery  wou ld  suggest  t h a t  
even though a g r e a t  dea l  o f  t h e  p h y s i c s  o f  t h e  f l o w  
process  i s  modeled, n o t  a l l  o f  t h e  d e t a i l s  o f  t h e  f l o w  
can be  r e s o l v e d .  Thus, computa t iona l  t o o l s  a v a i l a b l e  
t o d a y  must be t h o r o u g h l y  t e s t e d  a g a i n s t  exper iments  t o  
" c a l i b r a t e "  them f o r  d e s i q n  purposes. The i n t e n t  o f  
t h i s  paper  i s  t o  d e s c r i b e  the  des iqn  u s i n g  advanced 
compu ta t i ona l  codes o f  an exper iment t o  i n v e s t i g a t e  t h e  
f l o w  i n  a superson ic  th rough f low  f a n  r o t o r .  An e x p e r i -  
men ta l  program i s  a n t i c i p a t e d  t h a t  w i l l  o b t a i n  b o t h  
o v e r a l l  per fo rmance and d e t a i l e d  i n t e r n a l  f l o w  p a t t e r n s  
t o  p r o v i d e  necessary  " c a l i b r a t i o n "  d a t a  f o r  t h i s  t y p e  
o f  turbomachine. 
Based upon t h e  measured d a t a  t h e  r o t o r  
COMPUTATIONAL CODES 
A v a r i e t y  o f  codes rang ing  f r o m  a one-dimensional  
mean l i ne  compressor code t o  a t h ree -d imens iona l  v iscous  
p a r a b o l i z e d  code were  used t o  des ign  t h e  f a n  s tage  and 
s e v e r a l  c r i t i c a l  e lements  o f  t h e  f a c i l i t y .  I t  was 
necessary  t o  m o d i f y  a l l  t h e  tu rbomach inery  codes t o  
hand le  a x i a l  superson ic  v e l o c i t i e s  s i n c e  t h e i r  t r a d i -  
t i o n a l  use  has been f o r  subsonic a x i a l  f l o w .  A l l  t h e s e  
codes had been p r e v i o u s l y  t e s t e d  a g a i n s t  t u rbomach ine ry  
d a t a  i n  t h e  r e l a t i v e  Mach number range  around 1.4 b u t  
had n o t  been a p p l i e d  i n  t h e  range o f  i n t e r e s t  f o r  t h i s  
paper .  S ince  no  da tabase e x i s t e d  t o  adequa te l y  t e s t  
t h e  codes a t  t h e  Mach number range  o f  i n t e r e s t ,  where 
p o s s i b l e ,  codes u s i n g  d i f f e r e n t  a l g o r i t h m s  were used 
t o  o b t a i n  s o l u t i o n s  on t h e  same e lement  i n  o r d e r  t o  
i n c r e a s e  con f idence  i n  t h e  f i i i a i  des ign .  The codes 
used a r e  desc r ibed  i n  t h e  f o l l o w i n g  sub-headinqs: 
Mean 1 i ne code ( STGSTK) : 
d imens iona l  i n v i s c i d  code used t o  e s t i m a t e  o f f - d e s i g n  
per fo rmance once des ign  p o i n t  per fo rmance i s  es t ima ted .  
The code uses t h e  e s t i m a t e d  des ign  p o i n t  per fo rmance 
and c o r r e l a t i o n s  based upon t r a n s o n i c  b l a d e  element 
d a t a  t o  p r e d i c t  t h e  o f f -des iqn  per fo rmance.  The code 
was m o d i f i e d  t o  a l l o w  c a l c u l a t i o n  o f  s i n g l e  b lade  rows, 
s tages ,  and c o u n t e r  r o t a t i n g  r o t o r s  h a v i n q  superson ic  
a x i a l  v e l o c i t y .  The r e s u l t s  f rom STGSTK were used t o  
check ma tch ing  of  t h e  f a c i l i t y  speed and power r e q u i r e -  
ments and t o  g i v e  a pe rspec t i ve  on how an o p e r a t i n g  
l i n e  m i g h t  l o o k  f o r  t h i s  type  of turbomachine. 
The STGS -TK code b y  Ste inke  ( 9 )  i s  a one- 
A x i s y m n e t r i c  Compressor Des iqn  Code (CDP): 
The CDP code b y  Crouse and G o r r e l l  (10) uses t h e  
s t r e a m l i n e  c u r v a t u r e  method t o  compute v e l o c i t y  d i a -  
grams a t  t h e  b l a d e  edges f o r  two-dimensional  i n v i s c i d  
ax i symmet r i c  f l o w .  T h i s  code p r o v i d e s  f l o w  s o l u t i o n s  
a t  t h e  l e a d i n g  and t r a i l i n q  edqe o f  t h e  b lades  wh ich  
s a t i s f y  t h e  d e s i r e d  p r e s s u r e  r a t i o ,  mass f l o w ,  and 
r a d i a l  e q u i l i b r i u m .  The code a l s o  s t a c k s  an a r b i t r a r y  
b l a d e  shape f r o m  hub t o  t i p  and p r i n t s  o u t p u t  d a t a  f o r  
subsequent a n a l y s i s  b y  more advanced codes. The code 
r e q u i r e s  i n p u t  f o r  b l a d e  e lement  i nc idence ,  l o s s ,  and 
d e v i a t i o n  anq le .  Each subsequent b l a d e  element wh ich  
s a t i s f i e s  t h e  i n p u t  c o n d i t i o n s  i s  d e s c r i b e d  u s i n g  
f o u r t h  o r d e r  p o l y n o m i a l s  f o r  t h e  b l a d e  anq le  and t h i c k -  
ness d i s t r i b u t i o n s .  CDP qenera tes  b l a d e  element qeo- 
m e t r y  wh ich  can b e  used i n  a d e t a i l e d  b l a d e  element 
a n a l y s i s  code. 
u n t i l  t h e  d e v i a t i o n  p r e d i c t e d  b y  t h e  v i scous  code and 
t h e  d e v i a t i o n  used i n  CDP a r e  t h e  same. 
The CDP was m o d i f i e d  t o  c a l c u l a t e  superson ic  a x i a l  
f l o w ;  however, because t h e  code uses t h e  s t r e a m l i n e  
c u r v a t u r e  method i t  was necessary  t o  i n c o r p o r a t e  damp- 
i n g  on t h e  c a l c u l a t e d  c u r v a t u r e s  i n  o r d e r  t o  o b t a i n  
converged s o l u t i o n s .  
The b l a d e  qeometry can be  i t e r a t e d  
Thin-shear-1 ayer  V iscous  Code (RVC03) : 
The RVC03 code b y  Chima ( 8 )  s o l v e s  t h e  E u l e r  and 
t h i n  shear  l a y e r  N a v i e r  S tokes  equa t ions  f o r  a quas i -  
t h ree -d imens iona l  f l o w .  The converqence i s  enhanced 
b y  use o f  v a r i a b l e  t imes teps ,  m u l t i - g r i d d i n g  and b y  
v e c t o r i z a t i o n  f o r  a p p l i c a t i o n  t o  t h e  NASA Lewis  Cray  
XMP. The code uses a C-type q r i d  wh ich  i s  qenera ted  
b y  a m o d i f i e d  f o r m  o f  t h e  GRAPE code g r i d  q e n e r a t o r  b y  
Sorenson (11 ) .  The RVC03 was used as a "numer i ca l  t e s t  
c e l l "  t o  sc reen b l a d e  des iqns  and a i d  t h e  d e s i q n e r  i n  
e v a l u a t i n g  t h e  d e s i r a b i l i t y  o f  one b l a d e  d e s i q n  ove r  
another .  
The RCV03 i s  r e l a t i v e l y  new b u t  r e s u l t s  ( 1 2 )  have 
compared w e l l  t o  l a s e r  anemometry measurements made a t  
NASA Lewis  on a t r a n s o n i c  compressor r o t o r  as i n d i c a t e d  
i n  F ig .  1. The e x p e r i m e n t a l l y  measured s t a t i c  p r e s s u r e  
was used as t h e  downstream boundary c o n d i t i o n  on RVC03. 
The shock l o c a t i o n  and downstream Mach number c o n t o u r s  
p r e d i c t e d  b y  t h e  code aqree q u i t e  w e l l  w i t h  t h e  da ta .  
RVC03 was adapted f o r  superson ic  a x i a l  f l o w  b y  h o l d i n q  
t h e  i n l e t  c o n d i t i o n s  c o n s t a n t  and e x t r a p o l a t i n q  t h e  
f l o w  q u a n t i t i e s  t o  t h e  downstream boundary. 
Three-dimensional  E u l e r  Code w i t h  I n t e r a c t i v e  Two- 
d imens iona l  Boundary Laye r  Code (D3DVBL): 
The D3DVBL code c o n s i s t s  o f  t h e  th ree -d imens iona l  
f i n i t e  volume code deve loped b y  Denton ( 7 )  and an 
i n t e r a c t i v e  boundary  l a y e r  c a l c u l a t i o n  (13 )  wh ich  i s  
c o n t i n u a l l y  updated  as t h e  t i m e  uns teady  s o l u t i o n  p ro -  
ceeds t o  a f i n a l  s teady  s t a t e  value. The method models 
o n l y  t h e  d i sp lacemen t  e f f e c t  o f  t h e  boundary l a y e r  on 
t h e  f l o w  b y  i n j e c i i i i q  additions: mass i n t o  t h e  f l o w  
p a t h  i n  t h e  p roper  p r o p o r t i o n  t o  s i m u l a t e  a p h y s i c a l  
d i sp lacemen t  o f  t h e  w a l l  s u r f a c e  equa l  t o  t h e  ca l cu -  
l a t e d  d i sp lacemen t  t h i c k n e s s .  The e x t e r n a l  c o n d i t i o n s  
f o r  t h e  boundary l a y e r  a r e  t a k e n  as t h e  v e l o c i t y  a t  t h e  
b l a d e  s u r f a c e  and t h e  boundary l a y e r  i s  assumed t o  be  
a f f e c t e d  o n l y  b y  t h e  component o f  v e l o c i t y  wh ich  l i e s  
a lonq  a s t reamwise  q r i d  l i n e  i .e.  no  s t r o n q  t h r e e -  
d imens iona l  f l o w s  a r e  p r e s e n t  i n  t h e  channe l .  The 
o r i g i n a l  boundary  l a y e r  r o u t i n e  was a s i m p l e  s o l u t i o n  
t o  t h e  von Karman i n t e g r a l  e q u a t i o n  u s i n g  a c o n s t a n t  
shape f a c t o r  and s k i n  f r i c t i o n  c o e f f i c i e n t  wh ich  was 
shown b y  P i e r z g a  and Wood (14 )  t o  s i q n i f i c a n t l y  improve 
t h e  c a l c u l a t e d  r e s u l t s  when compared t o  exper imen ta l  
l a s e r  anemometry d a t a  on a t r a n s o n i c  fan .  I n  o r d e r  t o  
b e t t e r  model t h e  boundary  l a y e r  t h e  method o f  Sasman 
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and Cresc i  ( 1 5 )  as deve loped b y  McNa l l y  (16) f o r  turbu- 
l e n t  boundary l a y e r s  was added t o  t h e  code by L i u  (17). 
The method s o l v e s  t h e  momentum and moment o f  momentum 
i n t e g r a l  e q u a t i o n s  f o r  a compress ib le  t u r b u l e n t  bound- 
a r y  l a y e r  t o  o b t a i n  t h e  momentum t h i c k n e s s  and shape 
f a c t o r .  The boundary  l a y e r s  a r e  a lways  assumed t o  be 
t u r b u l e n t .  The o r i g i n a l  paper b y  Sasman and C r e s c i  
modeled t h e  i n t e g r a l  of t h e  shear  s t r e s s  th rough  t h e  
boundary  l a y e r  as a f u n c t i o n  o f  i n c o m p r e s s i b l e  shape 
f a c t o r  and t h e  i ncompress ib le  s k i n  f r i c t i o n  c o e f f i -  
c i e n t .  Comparison o f  t h e  r e s u l t s  o f  t h e  Sasman and 
C r e s c i  model t o  f l o w s  w i t h  l a r g e  d e c e l e r a t i o n s  where 
t h e  i n c o m p r e s s i b l e  shape f a c t o r  i s  l a r g e  i n d i c a t e s  t h a t  
s e p a r a t i o n  i s  p r e d i c t e d  much t o o  e a r l y  b y  t h e  method. 
Wood and Schmidt ( 2 0 )  m o d i f i e d  t h e  exp ress ion  f o r  t he  
shear  s t r e s s  i n t e g r a l  so t h a t  t h e  p r e d i c t i o n  o f  shape 
f a c t o r  g rowth  near  s e p a r a t i o n  more c l o s e l y  modeled data 
( see  f o r  example Moses' Case 5 i n  t h e  S t a n f o r d  con fe r -  
ence on i n c o m p r e s s i b l e  t u r b u l e n t  boundary l a y e r s  (19)) .  
C a l c u l a t i o n s  f o r  f l o w s  wh ich  were n o t  nea r  s e p a r a t i o n  
i n d i c a t e d  t h e  m o d i f i e d  exp ress ion  d i d  n o t  a d v e r s e l y  
a f f e c t  t h e  r e s u l t s .  A l l  t h e  r e s u l t s  o b t a i n e d  w i t h  the  
D3DVBL code p resen ted  h e r i n  f o r  t h e  nozz le ,  f a n  and 
d i f f u s e r  d e s i g n  use  t h e  Sasman and C r e s c i  e q u a t i o n s  
w i t h  t h e  m o d i f i c a t i o n  b y  Wood and Schmidt. 
The D3DVBL code was used t o  check t h e  th ree -  
d i m e n s i o n a l i t y  o f  t h e  r o t o r  f l o w  a f t e r  t h e  des ign  was 
completed. I t  was shown b y  Wood, S t r a z i s a r ,  and 
Simonyi  ( 2 0 )  t h a t  t h e  D3DVBL code p r e d i c t i o n  o f  shock 
t h r e e - d i m e n s i o n a l i t y  agreed v e r y  w e l l  w i t h  l a s e r  ane- 
mometry d a t a  t a k e n  on a t r a n s o n i c  f a n  stage. I n  order  
t o  c o n f i r m  t h a t  d i f f e r e n c e s  between t h e  quas i - th ree-  
d imens iona l  r e s u l t s  f r o m  t h e  RVC03 code and t h e  D3DVBL 
code were i ndeed  due t o  th ree -d imens iona l  e f f e c t s ,  the 
D3DVBL code was r u n  on t h e  mean and t i p  s e c t i o n  i n  a 
two-d imens iona l  mode ( i  .e. o n l y  a v e r y  t h i n  streamsheet 
was ana lyzed w i t h  t h e  hub and t i p  boundary l a y e r  calcu- 
l a t i o n s  t u r n e d  o f f ) .  These two-dimensional  c a l c u l a -  
t i o n s  were compared t o  t h e  r e s u l t s  f r o m  t h e  RVC03 code 
and t h e  D3DVBL th ree-d imens iona l  c a l c u l a t i o n s  t o  assess 
whether  th ree -d imens iona l  a f f e c t s  were a s i g n i f i c a n t  
f a c t o r  i n  t h e  f i n a l  des ign .  
The D3DVBL code was m o d i f i e d  so t h a t  t h e  i n l e t  
a x i a l  v e l o c i t y  a t  t h e  hub was h e l d  c o n s t a n t  and t h e  
g r a d i e n t  o f  t h e  r a d i a l  v e l o c i t y  i n  t h e  s t reamwise  
d i r e c t i o n  was cons tan t .  R a d i a l  e q u i l i b r i u m  w i t h  t h e  
assumpt ion  o f  no s t r e a m l i n e  c u r v a t u r e  was used t o  
e s t a b l i s h  t h e  p r e s s u r e  g r a d i e n t  f r o m  hub t o  t i p  a t  the 
i n l e t  p l a n e  and t h u s  t h e  v e l o c i t y  f i e l d .  No downstream 
c o n d i t i o n  was imposed on t h e  s o l u t i o n  f o r  f l o w  w i t h  a l l  
supe rson ic  a x i a l  v e l o c i t i e s .  The code may a l s o  b e  run  
w i t h  a downstream s t a t i c  p r e s s u r e  imposed t o  c a l c u l a t e  
a shock - in - ro to r  f l o w  when t h e  incoming a x i a l  f low i s  
superson ic .  The superson ic  t h r o u g h f l o w  f a n  t e s t e d  by 
Breugelmans ( 6 )  was ana lyzed w i t h  t h e  D3DVBL code. The 
nonax isymmet r ic  hub o f  t h e  t e s t  r o t o r  was modeled as an 
a x i s y m n e t r i c  hub w i t h  t h e  same c o n t r a c t i o n  r a t i o  across 
t h e  r o t o r .  The r e s u l t s  o f  t h e  c a l c u l a t i o n  f o r  t h e  
r o t o r  a r e  shown i n  F i g .  2 f o r  t h e  t i p  s e c t i o n .  The 
c a l c u l a t i o n s  i n d i c a t e  t h a t  t h e  o b l i q u e  shock f r o m  the  
l e a d i n g  edge i s  c o n t a i n e d  i n s i d e  t h e  b l a d e  passage with 
no s t r o n g  shocks emanat ing f r o m  t h e  t r a i l i n g  edge. 
Dur ing  m o d i f i c a t i o n  of  t h e  RVCO3 and D3DVBL codes 
f o r  superson ic  th rough f low ,  a d e s i g n  w i t h  a t y p i c a l  
t r a n s o n i c  r o t o r  t i p  s o l i d i t y  and an i n l e t  a x i a l  Mach 
number o f  1.5 was analyzed. MCA b l a d e s  wi th t y p i c a l  
t r a n s o n i c  maximum t h i c k n e s s  t o  c h o r d  r a t i o s  were used. 
The r e s u l t s  o f  t h e  a n a l y s i s  u s i n g  t h e  RVC03 code and 
t h e  D3DVBL code r u n  as a two-dimensional  code on t h e  
s e c t i o n  and as a th ree-d imens iona l  code on t h e  e n t i r e  
r o t o r  a r e  shown i n  F i g .  4. Because o f  t h e  s o l i d i t y  
chosen, t h e  wave system i s  n o t  c o n t a i n e d  i n s i d e  t h e  
passage and shocks pass i n t o  t h e  downstream f l o w  t i e l d .  
The agreement between t h e  RVC03 and D3DVBL codes i s  
e x c e l l e n t .  
Three-dimensional  P a r a b o l i z e d  V iscous  Superson ic  Code 
(PEPSIS): 
The PEPSIS code i s  a th ree-d imens iona l  D a r a b o l i -  
zed v i scous  code wh ich  has been used e x t e n s i v e l y  a t  
NASA Lewis  t o  c a l c u l a t e  superson ic  f l o w s  f o r  mixed com- 
p r e s s i o n  i n l e t s  and benchmark-type exper iments  (21,22). 
R e s u l t s  f rom t h e  code f o r  f l o w s  a t  superson ic  Mach num- 
b e r s  s i m i l a r  t o  t h o s e  encountered  i n  t h e  n o z z l e  and 
d i f f u s e r  show t h a t  t h e  v i scous  l a y e r s  and t h e  shock/ 
boundary l a y e r  i n t e r a c t i o n  e f f e c t  a r e  w e l l  p r e d i c t e d  
b y  t h e  code. D e t a i l s  o f  t h e  code development a r e  
d e s c r i b e d  i n  t h e  paper  b y  Buqgeln (23 ) .  The code was 
used t o  ana lyze  t h e  f i n a l  des igns  f o r  t h e  t r a n s l a t i n g  
n o z z l e  and d i f f u s e r .  Severa l  d i f f u s e r  des igns  wh ich  
t h e  D3DVBL code i n d i c a t e d  were separa ted  ( incompres- 
s i b l e  shape f a c t o r  exceed ing  2.4) were ana lyzed w i t h  
t h e  P E P S I S  code. I n  a l l  cases t h e  PEPSIS c a l c u l a t i o n s  
became u n s t a b l e  i n  a p p r o x i m a t e l y  t h e  same l o c a t i o n  
where s e p a r a t i o n  was p r e d i c t e d  b y  t h e  D3DVBL code. 
OVERALL FAN D E S I G N  CONDITIONS 
S ince  t h e  i n t e n t  o f  t h e  r e s e a r c h  program on t h i s  
superson ic  t h r o u g h f l o w  f a n  i s  t o  deve lop  t h e  computa- 
t i o n a l  t echno logy  t o  d e s i g n l a n a l y z e  t h i s  unusual  t y p e  
o f  tu rbomach ine  f o r  p o s s i b l e  f u t u r e  a p p l i c a t i o n s ,  t h e r e  
were s e v e r a l  o v e r a l l  g u i d e l i n e s  wh ich  impacted t h e  
f i n a l  des ign .  They a r e  as f o l l o w s :  
1. S ince  v i scous  e f f e c t s  can be  i m p o r t a n t  i n  
te rms o f  t h e  secondary f l o w s  qenera ted  when t h e  shock 
waves i n t e r a c t  w i t h  t h e  hub and t i p  boundary l a y e r s  and 
a th ree-d imens iona l  v i scous  code i s  n o t  a v a i l a b l e  f o r  
t u rbomach ine ry  des iqn ,  i t  was dec ided  t o  l i m i t  pos- 
s i b l e  seve re  th ree-d imens iona l  e f f e c t s  b y  m a i n t a i n i n q  
t h e  hub and t i p  r a d i i  c o n s t a n t  t h rouqh  t h e  r o t o r .  T h i s  
has t h e  a d d i t i o n a l  advantage t h a t  t h e  spac inq  between 
t h e  r o t o r  and a subsequent s t a t o r  des ign  can be  e a s i l y  
v a r i e d  t o  de te rm ine  i t s  e f f e c t  on s t a q e  performance. 
2. A modera te  o v e r a l l  p r e s s u r e  r a t i o  a t  modera te  
t i p  speed was s e l e c t e d  t o  be  r e p r e s e n t a t i v e  o f  t h e  
p r e s s u r e  r a t i o  t h a t  m i g h t  be  r e q u i r e d  f o r  a hiqh-speed 
power p l a n t  b u t  n o t  so a g r e s s i v e  as t o  r e q u i r e  l a r g e  
b l a d e  t u r n i n g  f o r  t h i s  i n i t i a l  exper iment .  
r e q u i r e d  f o r  p o s s i b l e  i n l e t  ma tch ing  b u t  be  l a r g e  
enough t o  a l l o w  d e t a i l e d  spanwise surveys  w i t h  l a s e r  
anemometry. 
The o v e r a l l  f a c i l i t y  showing t h e  l o c a t i o n  o f  t h e  
t r a n s l a t i n g  nozz le ,  f a n  r o t o r  and t r a n s l a t i n g  d i f f u s e r  
i s  shown i n  F ig .  5. The i n l e t  plenum can be  connected  
t o  an a tmospher ic  i n t a k e  o r  t o  t h e  NASA Lewis  c e n t r a l  
a i r  s u p p l y  system. 
valve,  t h e  i n l e t  plenum p r e s s u r e  can be  v a r i e d  f r o m  
sub-atmospher ic up t o  s e v e r a l  atmospheres. The c o l l e c -  
t o r  can  b e  connected  t o  e i t h e r  an a tmospher ic  exhaust  
o r  t o  t h e  NASA Lewis  a l t i t u d e  exhaust  system. The 
r o t o r  has a des ign  p r e s s u r e  r a t i o  of  2.7, an i n l e t  
a x i a l  Yach number o f  2.0 and a t i p  speed o f  457.2 mlsec. 
The e s t i m a t e d  d e s i g n  a b s o l u t e  Mach numbers a r e  shown i n  
F i q .  6. 
p a t h  t h e  Mach number i nc reases  f r o m  t h e  i n l e t  va lue  o f  
2.0 t o  a va lue  a t  e x i t  o f  about  3.1 a t  t h e  hub and 2.7 
a t  t h e  t i p .  These Mach number d i s t r i b u t i o n s  were  c a l -  
c u l a t e d  f r o m  t h e  COP code. The s t r e a m l i n e s  p r e d i c t e d  
b y  t h e  CDP code a r e  shown i n  F i g .  7 and were used t o  
genera te  s t reamsheet  t h i c k n e s s  d i s t r i b u t i o n s  f o r  t h e  
RVC03 v i scous  code. 
3. The b l a d e  span shou ld  be  r e p r e s e n t a t i v e  o f  t h a t  
By means o f  an upstream t h r o t t l e  
Because t h e r e  i s  no c o n t r a c t i o n  i n  t h e  f l o w  
3 
Once design point performance was estimated, t h e  
STGSTK program was used t o  estimate t h e  offdesign per- 
formance map shown in  Fig. 8 f o r  a s tage.  Supersonic 
ax ia l  Mach numbers occur a t  speeds above 60 percent of 
design. The l o c i i  of operating points  f o r  zero inc i -  
dence t o  t h e  suct ion surface of t h e  meanline blade i s  
shown on t h e  map t o  indicate  a poss ib le  operat inq l i n e  
f o r  the  experimental t e s t .  Envelope l i n e s  a t  pos i t ive  
and negative 3" of incidence are also shown on ;he 
f i g u r e  t o  ind ica te  t h e  range ava i lab le  over a 6 inci-  
dence change. 
necessary t o  ind ica te  whether o r  not t h i s  range i s  
reasonable. This operating l i n e  would c e r t a i n l y  
requi re  a var iable  nozzle and might possibly requi re  
var iable  blading as wel l .  
TRANSLATING N O Z Z L E  DESIGN 
Further analysis by the RVC03 would be 
In order  t o  t e s t  the fan over a range of i n l e t  
Mach numbers from subsonic t o  t h e  design i n l e t  value of 
Mach 2 ,  i t  was necessary t o  design an annular nozzle 
t h a t  would de l iver  a uniform, p a r a l l e l  flow a t  the fan 
face.  Since t h e  f a c i l i t y  selected t o  serve as  the t e s t  
bed f o r  t h e  fan used an overhung bearing mount, i t  was 
des i rab le  t o  hold the axial  length and movement of t h e  
nozzle t o  a minimum. The D3DVBL code was used f o r  t h e  
design s ince  i t  allowed calculat ion of t h e  e n t i r e  flow 
f i e l d  from very low subsonic Mach numbers t o  t h e  design 
value of 2.  The shroud portion of the nozzle s t a r t s  a t  
the i n l e t  plenum radius  of 60.96 cm and i s  fa i red  i n t o  
a supere l l ipse  which subsequently f a i r s  i n t o  the con- 
s t a n t  rad ius  sec t ion  in front of the  fan.  This allowed 
a grea t  deal of f l e x i b i l i t y  in balancing between t h e  
requirement f o r  a shor t  stroke on the nozzle and con- 
t r o l  of the surface curvatures. The lower surface 
s t a r t e d  a t  t h e  s t i n g  radius  of 9.525 cm and was f a i r e d  
i n t o  a point which was determined from t h e  required 
t h r o a t  area calculated from one-dimensional considera- 
t i o n s  t o  produce the desired nozzle Mach number. A 
control  point was used with a cubic s p l i n e  f a i r i n g  t o  
determine t h e  d i s t r i b u t i o n  of t h e  wall s lope from t h e  
t h r o a t  t o  t h e  constant radius h u b  sect ion.  An i n i t i a l  
geometry based pr imari ly  upon t h e  one-dimensional area 
r a t i o  was analyzed with t h e  D3DVBL code. If  an accept- 
ab le  so lu t ion  was not obtained, the i n i t i a l  geometry 
was perturbed and t h e  previous so lu t ion  used as  the 
i n i t i a l  s t a r t i n g  point f o r  the next solut ion.  Depend- 
ing upon the degree of change i n  the  geometry, the next 
so lu t ion  could be obtained i n  a r e l a t i v e l y  shor t  number 
of timesteps. After  obtaining a s a t i s f a c t o r y  so lu t ion  
with t h e  D3DVBL code, t h e  nozzle was analyzed using t h e  
PEPSIS viscous code. The code i s  f o r  a l l  supersonic 
flow so t h e  r e s u l t s  from the D3DVBL code just  past  t h e  
t h r o a t  were used as the  i n i t i a l  s t a r t i n q  p r o f i l e .  The 
r e s u l t s  from the D3DVBL analysis f o r  the  e n t i r e  nozzle 
a r e  shown in  Fig. 9 along w i t h  t h e  r e s u l t s  obtained 
with t h e  PEPSIS viscous code in  the supersonic region. 
The flow smoothly accelerates  i n t o  t h e  throa t  and 
expands rap id ly  with a compression wave emanating from 
t h e  h u b  where t h e  wall begins t o  turn back toward 
a x i a l .  The wave i s  canceled on the  shroud wall and t h e  
flow a t t a i n s  a Mach number s l i g h t l y  higher (2.08) than 
the  desired value of 2.0. Comparison of t h e  D3DVBL 
code r e s u l t s  with t h e  PEPSIS viscous code r e s u l t s  shows 
t h a t  t h e  agreement i s  excel lent .  The c lus te r ing  of 
contour l i n e s  near t h e  walls in  the viscous code 
r e s u l t s  ind ica tes  t h e  extent of the wall boundary 
1 ayers . 
versus spanwise d is tance  a t  the fan face.  The f ree-  
stream values predicted by the two codes agree very 
well with t h e  viscous code indicat ing boundary layer  
Figure lO(a)  shows the d i s t r i b u t i o n  of Mach number 
thicknesses  on each wall of about 10 t o  1 4  percent of 
the passage height .  
d i s t r i b u t i o n  of Mach number r e l a t i v e  t o  t h e  fan blade. 
This was obtained by addinq t h e  blade speed a t  any 
rad ia l  locat ion t o  t h e  axial  veloci ty  predicted by the 
viscous code. Figure 1 0 ( b )  i s  a p l o t  of t h e  d i f fe rence  
in  the flow angle r e l a t i v e  t o  the  blade obtained with 
t h e  inv isc id  p r o f i l e  from t h e  Euler code and from t h e  
viscous p r o f i l e .  This represents  t h e  skewness in  t h e  
r e l a t i v e  veloci ty  p r o f i l e  as a r e s u l t  of t h e  i n l e t  
boundary layer .  This e f f e c t  i s ,  of course, present in 
a l l  turbomachine r o t o r s ,  b u t  f o r  t h i s  case t h e  skewness 
occurs a t  Mach numbers of about 1.6 o r  hiqher and has 
t h e  poten t ia l  t o  t r i g g e r  flow separat ion from t h e  blade 
which could possibly r e s u l t  i n  an uns ta r t  of t h e  r o t o r .  
I n  order  t o  insure  the  nozzle would d e l i v e r  a 
d e s i r a b l e  flow over the range of t r a n s l a t i o n ,  the geo- 
metr ies  f o r  s i x  d i f f e r e n t  axial  s e t t i n g s  of t h e  t rans-  
l a t i n g  h u b  p a r t  of the  nozzle were analyzed with the 
D3DVBL code. Fiqure 11 shows t h e  r e s u l t s  obtained. 
Each case analyzed showed t h a t  t h e  flow del ivered by 
t h e  nozzle was uniform. The r e s u l t s  a r e  compatible 
with fan speed l i n e s  from 70 t o  102 percent of design 
speed which have supersonic ax ia l  inflow as presented 
i n  Fig. 8. 
desiqn on t h e  h u b  would have t o  be modified t o  end in 
about a 7"  wedqe instead of the smoothly varying s lope 
used in  t h e  f i n a l  desiqn. Analysis of t h i s  modifica- 
t i o n  predicted a wave emanating from t h e  in te rsec t ion  
of the t r a n s l a t i n g  par t  with t h e  s t a t i o n a r y  p a r t  with 
a Mach number var ia t ion across  the wave of about 0.1 
which was judged acceptable  f o r  t h e  experiment. 
D E T A I L E D  FAN ROTOR B L A D E  DESIGN 
Also shown i n  t h e  f i g u r e  i s  t h e  
Mechanical considerat ions d ic ta ted  t h a t  t h e  nozzle 
The de ta i led  fan r o t o r  design was done by Schmidt 
( 2 4 )  using t h e  C D P  and RVC03 codes described e a r l i e r .  
Deta i l s  of t h e  fan r o t o r  design such as devia t ion ,  
blade number, blade s o l i d i t y ,  and blade thickness  
resu l ted  from analysis  of prospective blade shapes 
using t h e  RVC03 code f o r  quidance. Five sec t ions  from 
h u b  t o  t i p  were desiqned with the  RVC03 code and 
stacked usinq the CDP code t o  form a three-dimensional 
blade.  The mean sec t ion  designed by Schmidt was ana- 
lyzed with t h e  g r i d  shown in  Fig. 1 2 .  The r e s u l t s  
shown in Fig. 13 ind ica te  t h a t  t h e  wave system i s  con- 
ta ined ins ide  the  passage and t h e  flow e x i t s  t h e  blade 
smoothly. The s t a t i c  pressure d i s t r i b u t i o n  c loses  a t  
t h e  t r a i l i n g  edge indica t ing  t h a t  the flow on both 
s ides  of the blade has been turned equally. Deta i l s  
of the bow shock a t  t h e  leadinq edge and t h e  flow vec- 
t o r s  a t  t h e  t r a i l i n q  edge a r e  shown in  Fig. 14. 
with t h e  RVC03 code a t  +5' and -5" of incidence t o  t h e  
suct ion surface.  No global flow breakdown which miqht 
ind ica te  a possible  uns ta r t  s i t u a t i o n  was indicated.  
These offdesign ca lcu la t ions  ind ica te  t h a t  the inc i -  
dence ranqe envelope of +3' t o  -3" shown in  Fiq. 8 i s  
reasonable. 
In order  t o  check t h e  flow three-dimensionality, 
t h e  f i n a l  stacked blade from the CDP program was ana- 
lyzed with t h e  D3DVBL code. As indicated e a r l i e r  t h e  
D3DVBL code was r u n  on a two-dimensional sec t ion  so 
t h a t  comparisons f o r  three-dimensional e f f e c t s  would 
not b e  code-dependent. S t a t i c  pressure d i s t r i b u t i o n s  
f o r  t h e  mean sec t ion  a r e  shown in  Fiq. 15. Both two- 
dimensional and three-dimensional r e s u l t s  from t h e  
D3DVBL code show s l i g h t l y  more compression on t h e  pres- 
sure  surface a t  about 20 t o  40 percent chord than do 
t h e  r e s u l t s  f o r  t h e  RVC03 code. T h e  d i f fe rence  in 
s t a t i c  pressures i s  apparently due, pr imari ly ,  t o  t h e  
The near-hub blade sect ion was analyzed by Schmidt 
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viscous t reatment  used. 
laminar t o  turbulen t  flow whereas D3DVBL assumes a 
f u l l y  turbulen t  boundary layer .  Calculations using 
both codes with no viscous e f f e c t s  included yielded 
s t a t i c  pressure d i s t r ibu t ions  which were in much bet ter  
agreement (6.9 percent d i f fe rence  versus 19 percent 
d i f fe rence  with viscous e f f e c t s ) .  The r e s u l t s  f o r  t h e  
D3DVBL code on t he  mean sec t ion  r u n  in the  two- 
dimensional and three-dimensional mode agree closely 
except on t h e  suct ion surface from a b o u t  75 percent 
chord t o  t h e  t r a i l i n g  edge. This difference can be 
a t t r i bu ted  t o  t h e  three-dimensional nature of the  flow. 
I t  i s  obvious t h a t  there  a re  no s ign i f i can t  three- 
dimensional e f f e c t s  present. Three-dimensional e f fec ts  
i n  terms of pressure-driven secondary flows where t h e  
endwall boundary layers  a re  subjected t o  t ransverse 
pressure gradients  a re  not calculated by the  D3DVBL 
code and cannot be estimated f o r  t h i s  ro tor .  The pre- 
d ic ted  r e l a t i v e  Mach number contours f o r  the  mean sec- 
t i on  using t h e  RVC03 code and the  D3DVBL code are  shown 
in  Fig. 16. The r e s u l t s  from D3DVBL a re  f o r  the three- 
dimensional ca lcu la t ions  on t he  f u l l  ro to r  blade. The 
e x i t  Mach number i s  a b o u t  2.6 f o r  both codes with t h e  
overal l  agreement being qu i t e  good. The three- 
dimensional nature  of t h e  flow i s  indicated in  Fig. 17 
which shows t h e  r e l a t i v e  Mach numbers calculated with 
D3DVBL on t h r e e  meridional surfaces .  The only appre- 
c i ab le  three-dimensional e f f e c t  i s  on surface 3 ( t h e  
suct ion sur face)  where t h e  sohock i s  leaning in t h e  
meridional plane a t  about 30 from the  rad ia l  direc- 
t i on .  The obl iqui ty  of the  shocks in t h e  blade-to- 
blade plane s i g n i f i c a n t l y  reduce t h e  e f f ec t  of t h e  
rad ia l  lean. The gr id  used f o r  t h e  three-dimensional 
ca lcu la t ions  i s  a l so  shown in  the  f igure .  The two- 
dimensional so lu t ion  with D3DVBL was r u n  w i t h  the same 
blade-to-blade gr id  as used f o r  the three-dimensional 
ca lcu la t ion .  The growth i n  h u b  and shroud boundary 
layer  displacement thickness as calculated a t  mid-gap 
using t h e  D3DVBL code i s  shown in Fig. 18. The calcu- 
la ted  increase across the ro to r  i s  about 50 percent of 
t h e  i n l e t  value. I t  should be noted t h a t  t h e  endwall 
region contains  some very complex flows which are being 
modeled by a two-dimensional boundary layer  method and 
t h a t  t he  ca lcu la ted  boundary layer  growth serves only  
a s  an ind ica tor  of the  level of blockage t o  be expected. 
A f u l l  treatment of th is  region would obviously require 
a three-dimensional viscous analysis .  
Total condi t ions across the  ro tor  as predicted by 
t h e  RVC03 and D3DVBL codes a re  shown in Fig. 19. 
f reestream to t a l - to t a l  pressure r a t i o  predicted by the 
RVC03 code i s  about 2.9 t o  3.4 with the  integrated 
value which includes the  wake a t  the  downstream bound- 
ary being about 2.82. The D3DVBL code prediction of 
t o t a l - to t a l  pressure r a t i o  i s  about 2.7 t o  3.1. Both 
ca lcu la t ions  ind ica te  t h a t  t h e  ro to r  pressure r a t i o  
wi l l  be achieved. 
In order t o  assess  the  impact of blade number, the 
number of blades was changed from the design value of 
58 t o  54. The r e s u l t s  (Fig. 20) from the  D3DVBL code 
run on t h e  r o t o r  ind ica te  t h a t  t h e  shock on the  suction 
sur face  increases  in  s t rength and i s  not f u l l y  con- 
ta ined on t he  t i p  sect ion.  This could produce shocks 
from the  t r a i l i n g  edge which would propagate 
downstream. 
RVC03 allows t r ans i t i on  from 
The 
TRANSLATING DIFFUSER DESIGN 
Since i t  was desired t o  operate the  fan over i t s  
e n t i r e  operating range from subsonic inlet lsubsonic  
o u t l e t  t o  supersonic in le t l subsonic  ou t l e t  t o  super- 
sonic in le t l supersonic  o u t l e t ,  i t  was necessary t o  
design a d i f fuse r  capable of operating over t h i s  range. 
The design was compounded considerably by a r e s t r i c t i o i  
on avai lab le  length a n d  maximum movement which w o u l d  be 
ava i lab le  without a major redesign of t h e  experimental 
f a c i l i t y .  However, s ince  s t a t i c  pressure in t h e  down- 
stream col lec tor  can be maintained a t  about 0.21 Bar 
with a n  exhauster,  i t  i s  n o t  necessary f o r  the  d i f f u s e r  
t o  recover a s ign i f i can t  amount of the  incoming dynamic 
head. Given the r e s t r i c t i o n s  on t he  geometry and  t he  
range, i t  was decided t o  design the  the  d i f fuse r  t o  
recover only a moderate amount of dynamic head with t h e  
main goal being t o  maintain a s t a r t ed  d i f fuse r  over t he  
Mach number range from 1.4 t o  the  design ro to r  o u t l e t  
values of about 3.1 a t  the  h u b  and 2.7 a t  the  t i p .  The 
predicted amount of swirl in the  ro to r  o u t l e t  a i r  
var ies  from about 27' a t  t he  h u b  t o  21' a t  t he  t i p .  
The d i f f u s e r  was designed f o r  ro tor  e x i t  condi t ions 
s ince  the  i n i t i a l  experiment i s  t o  be conducted with- 
o u t  t h e  s t a t o r  i n  place. 
As in the  case of the  nozzle design the  d i f f u s e r  
was designed u s i n g  a basic geometry generating program 
and t h e  D3DVBL code. The blockage a t  t h e  i n l e t  t o  t he  
d i f f u s e r  was assumed t o  be the  same as t h a t  ca lcu la ted  
f o r  t h e  i n l e t  t o  the ro to r  s ince no experimental da ta  
e x i s t s  fo r  endwall blockage growth through a supersonic 
throughflow fan. I t  was f e l t  t ha t  any increase in 
blockage could be handled w i t h  t he  var iable  geometry. 
The t r ans l a t ing  p a r t  of the  d i f fuse r  makes up t he  h u b  
contour from just downstrearnoof the  blade row t o  t h e  
i n l e t  of t h e  co l lec tor .  A 6 wedge was used t o  begin 
the  t r ans l a t ing  sect ion and  t o  i n i t i a t e  the  f i r s t  
oblique shocb. This wedge angle was chosen because t h e  
shock a t  a 6 def lect ion s h o u l d  remain attached down t o  
a Mach number of a b o u t  1.28. A t  t h i s  Mach number t h e  
shock should detach from the  wedge and t h e  flow should 
shock t o  subsonic t h r o u g h  a normal shock near the  wal l .  
The s t a t i c  pressure r i s e  across the  shock a t  1.28 
should n o t  be s t rong  enough t o  cause boundary layer  
separat ion.  Boundary layer  bleed wi l l  be provided a t  
t h e  junction of the  t r ans l a t ing  par t  and  the  s t a t i o n -  
ary par t  t o  help s t a b i l i z e  the  boundary layer  and ave r t  
a gross  flow separat ion.  The r e s u l t s  obtained with t h e  
D3DVBL code and the r e s u l t s  obtained with the  PEPSIS  
viscous code using t h e  design fan ro to r  e x i t  Mach num- 
ber and flow angle d i s t r ibu t ions  from h u b  t o  t i p  as  
upstream conditions a re  shown in Fig. 21. The oblique 
shock i s  not canceled on t he  shroud because the shroud 
contour begins t o  increase in radius  just upstream of 
where the  wave h i t s .  
wise the  r e s t r i c t i o n  on axial  movement would lead t o  a 
terminal shock occurring in the converging portion of 
the  d i f fuse r  a t  the desired lower operating l imi t  of 
Mach 1.4. The second wave system emancting from t h e  
h u b  r e s u l t s  from t r ans i t i on  from the  6 
modified c i r cu la r  a rc  used t o  control t h e  area d i s t r i -  
bution and  t u r n  the flow in to  the  co l l ec to r .  As can 
be seen t h e  agreement between the  two numerical r e s u l t s  
a re  excel lent  with a Mach number of about 1.8 predicted 
a t  t h e  co l l ec to r  i n l e t  by b o t h  codes. The dark a reas  
near the  walls f o r  t h e  Navier-Stokes code r e s u l t s  indi-  
ca t e  the extent  of t h e  boundary layers .  Both so lu t ions  
were obtained with t h e  design swirl ant ic ipated a t  t he  
e x i t  of t h e  ro tor .  
ro to r  i s  not known with ce r t a in ty ,  an offdesign calcu- 
l a t ion  was performed with the  D3DVBL code. 
boundary layer  displacement thickness was doubled on 
both walls and the  design geometry analyzed. 
r e s u l t s  a r e  shown in  Fig. 22. The so lu t ion  was not 
s t a b l e  as a r e s u l t  of the  formation of a terminal shock 
in t h e  d i f fuse r  near t he  co l l ec to r  i n l e t .  The calcula-  
t i ons  were r e s t a r t ed  from the  solut ion shown and allowed 
t o  continue. This resu l ted  in a normal shock moving 
This was necessary because other-  
wedge t o  a 
Since the endwall boundary  layer  growth across the 
The i n l e t  
The 
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t h rough  t h e  d i f f u s e r  i n t o  the c o n s t a n t  a rea  s e c t i o n .  
The t r a n s l a t i n g  hub was moved 0.508 cm and t h e  c a l c u l a -  
t i o n s  were r e s t a r t e d  w i t h  the  same i n l e t  b lockaqe  and 
t h e  d i f f u s e r  remained s t a r t e d  as i n d i c a t e d  i n  t h e  
f i g u r e .  No c a l c u l a t i o n s  were made a t  a x i a l  movements 
l e s s  t h a n  0.508 cm s i n c e  t h e  numer i ca l  r e s u l t s  i n d i -  
c a t e d  t h a t  t h e  d i f f u s e r  cou ld  b e  ma in ta ined  i n  a 
s t a r t e d  c o n d i t i o n .  
The o f f d e s i g n  r e s u l t s  ob ta ined a t  Mach 1.4 a re  
shown i n  F i g .  23. 
t h e  Mach number beh ind  t h e  f i r s t  o b l i q u e  shock i s  1.25 
wh ich  i n d i c a t e s  t h a t  a te rm ina l  shock would f o r m  if t h e  
wave were a l l o w e d  t o  r e f l e c t  f r o m  a c o n s t a n t  r a d i u s  
t i p .  
o u s l y  made i t  necessary  t o  beg in  i n c r e a s i n g  t h e  t i p  
r a d i u s  f u r t h e r  ups t ream than d e s i r e d  f o r  t h e  des ign  
p o i n t  o p e r a t i o n  i n  o r d e r  t o  keep t h e  d i f f u s e r  s t a r t e d  
f o r  t h e  Mach 1.4 c o n d i t i o n .  The c a l c u l a t i o n  i s  f o r  an 
a x i a l  movement o f  5.08 cm. The r e s u l t s  f o r  an a x i a l  
movement o f  4.445 cm i n d i c a t e d  a t e r m i n a l  shock d i d  
f o r m  and move ups t ream i n t o  t h e  cons tan t  a rea  s e c t i o n .  
I n i t i a l  r e s e a r c h  r u n s  w i l l  be conducted  w i t h  o n l y  t h e  
n o z z l e  and d i f f u s e r  i n s t a l l e d  i n  o r d e r  t o  check t h e  
o p e r a t i n g  c h a r a c t e r i s t i c s  o f  each component. 
q u e n t l y ,  t h e s e  two  c a l c u l a t i o n s  were r u n  w i t h  no i n l e t  
s w i r l  t o  t h e  d i f f u s e r .  
expec ted  c o l l e c t o r  p r e s s u r e  o b t a i n a b l e  w i t h  t h e  a l t i -  
t u d e  exhaust  sys tem imposed a s  a downstream boundary 
c o n d i t i o n  f o r  t h e  D3DVBL code. The r e s u l t s  i n d i c a t e d  
t h a t  t h e  d i f f u s e r  Mach contours  were accep tab le  f o r  
subson ic  o p e r a t i o n .  Son ic  c o n d i t i o n s  were p r e d i c t e d  
a t  a l o c a t i o n  j u s t  b e f o r e  the  c o l l e c t o r  i n l e t  w i t h  a 
Mach number o f  about  0.3 i n  t h e  cons tan t  a rea  s e c t i o n .  
As can be seen i n  t h e  c o n t o u r  p l o t  
T h i s  o f f d e s i g n  f l o w  p o i n t  as ment ionaed p r e v i -  
Conse- 
The d e s i g n  geometry was a l s o  ana lyzed w i t h  t h e  
CONCLUDING REMARKS 
T h i s  paper  has desc r ibed  t h e  use  o f  advanced com- 
p u t a t i o n a l  codes t o  d e s i g n  an exper iment  t o  s t u d y  a 
superson ic  a x i a l  i n f l o w  f a n  r o t o r  i n  d e t a i l .  The p h i -  
l osophy  t a k e n  i n  o r d e r  t o  maximize t h e  p o s s i b i l i t y  of  
success o f  t h e  exper iment  was t o  p e r f o r m  d u p l i c a t e  
c a l c u l a t i o n s  u s i n g  d i f f e r e n t  codes. 
an e x i s t i n g  superson ic  v iscous code was used t o  check 
t h e  des ign  o f  t h e  exper imenta l  components. A p p l i c a t i o n  
o f  a quas i - th ree-d imens iona l  v iscous  code and a t h r e e -  
d imens iona l  E u l e r  code w i t h  an i n t e r a c t i v e  two- 
d imens iona l  boundary l a y e r  code t o  model t h e  v i scous  
e f f e c t s  f o r  t h e  superson ic  th rough f low  f a n  r o t o r  has 
r e s u l t e d  i n  a lmost  i d e n t i c a l  s o l u t i o n s  f o r  t h e  b l a d e  
elements.  The th ree-d imens iona l  code i n d i c a t e d  t h a t  
no  s i g n i f i c a n t  th ree-d imens iona l  e f f e c t s  due t o  shock 
l e a n  i n  t h e  m e r i d i o n a l  p lane were  p resen t .  
Use o f  advanced codes which model much o f  t h e  
p h y s i c s  o f  t h e  f l o w  i n  t h i s  exper iment  - b u t  c e r t a i n l y  
n o t  a l l  o f  i t  - t o  " t e s t "  var ious  c o n f i g u r a t i o n s  b e f o r e  
commitment t o  hardware, has t h e  p o t e n t i a l  t o  s i g n i f i -  
c a n t l y  reduce t h e  t i m e  and expense r e q u i r e d  t o  deve lop  
t h e  techno logy  t o  p roduce h i g h - e f f i c i e n c y  superson ic  
t h r o u g h f l o w  components f o r  advanced p r o p u l s i o n  systems. 
I n  o r d e r  t o  g a i n  con f idence  t h a t  t h e  phy5 ics  i s  modeled 
p r o p e r l y  i n  t h e  codes, i t  i s  necessary  t o  conduct 
exper imen ts  such as t h e  one a n t i c i p a t e d  t o  c o l l e c t  
d e t a i l e d  i n t e r n a l  f l o w  d a t a  wh ich  w i l l  h e l p  us t o  
assess t h e  accuracy  o f  t h e  codes and t o  unders tand t h e  
p h y s i c s  o f  t h i s  un ique  tu rbomach inery  component. 
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FIGURE 1.- RELATIVE MACH NUMBER CONTOURS FOR NASA ROTOR 33 FROM 
RVC03 CODE (US1 NG EXPERIMENTAL BACK PRESSURE FOR DOWNSTREAM 
BOUNDARY CONDITION) COMPARED TO LASER ANEOMETER DATA. 
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FIGURE 2.- CALCULATED RESULTS FROM THE D3DVBL CODE ON THE SUPER- 
SONIC THROUGHFLOW ROTOR TESTED BY BRUEGELMANS (REF. 6 ) .  
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FIGURE 3 . -  RESULTS OBTAINED WITH THE RVC03 
CODE ON AN INITIAL BLADE SHAPE USED TO CHECK 
CODES FOR SUPERSONIC AXIAL INFLOW: INLET 
AXIAL MACH NUMBER OF 1.5 AND T I P  SPEED OF 
488 M/SEC. 
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FIGURE 7.- FAN FLOWPATH WITH ROTOR AND CALCULATED STREAMLINES 
FROM THE CDP DESIGN CODE. 
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(B) EFFECT OF VISCOUS PROFILE ON RELATIVE FLOW 
ANGLE. 
FIGURE 10.- CALCULATED CONDITIONS AT THE FAN 
FACE USING THE D3DVBL AND PEPSIS CODES. 
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FIGURE 11.- MACE NUMBER CONTOURS CALCULATED FOR THE TRANSLATING NOZZLE WITH THE D3DVBL CODE. 
(A )  GRID LINES AT LEADING EDGE. (B) GRID LINES AT TRAILING EDGE. 
NOTE: ONLY GRID LINE INTERSECTIONS 
ARE SHOWN BECAUSE OF GRID 
DENSITY, 
(C) GRID POINTS FOR ENTIRE GRID REGION. 
FIGURE 12.- THE 161x65 C-GRID USED FOR THE RVC03 CODE. 
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(A) MACH N U M R  CONTOURS AT LEADING EDGE. 
(B) VELOCITY VECTORS AT TRAILING EDGE. 
FIGURE 14.- DETAILED FLOW ANALYSIS BY THE ilVC03 CODE OF THE FAN 
ROTOR AT THE MEAN SECTION. 
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FIGURE 15.- COMPARISON OF STATIC PRESSURES AT MEAN 
SECTION OF THE FAN ROTOR CALCULATED WITH THE RVC03 
AND D3DVBL CODES FOR THE 2D SECTION AND CALCULATED 
WITH THE D3DVBL CODE FOR THE FULL 3D BLADE. 
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FIGURE 16.- COMPARISON OF CALCULATED RELATIVE MACH NUMBER CON- 
TOURS ON THE MEAN SECTION USING THE RVC03 AND D3DVBL CODE. 
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FIGURE 18.- GROWTH OF DISPLACEMENT THICKNESS ALONG THE 
MID-GAP LINE AT HUB AND SHROUD FOR THE FAN ROTOR AS 
CALCULATED WITH THE D3DVBL CODE. 
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FIGURE 19.- COMPARISON OF ABSOLUTE TOTAL PRESSURE RATIO CAL- 
CULATED WITH THE RVC03 AND D3DVBL CODES FOR THE ROTOR MEAN 
SECTION. 
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FIGURE 20.- RESULTS FROM THE D3DVBL CODE SHOWING THE EFFECT 
OF REDUCING BLADE NUMBER ON THE RELATIVE MACH NUHBER CON- 
TOURS ON THE MERIDIONAL PROJECTION O f  THE SUCTION SURFACE. 
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FIGURE 21.- MACH NUMBER CONTOURS CALCULATED WITH THE D3DVBL AND PEPSIS 
CODES FOR THE TRANSLATING DIFFUSER AT THE DESIGN SETTING. 
FROM AXIAL IS 27' AT THE HUB AND 21' AT TIP.  
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FIGURE 22.- MACH NUMBER CONTOURS CALCULATED WITH THE D3DVBL CODE SHOWING 
THE EFFECT OF DOUBLING THE FAN EXIT BLOCKAGE AND THE RELIEF GAINED BY 
TRANSLATING THE INNER WALL. 
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FIGURE 23.- MACH NUMBER CONTOURS CALCULATED WITH THE D3DVBL CODE SHOWING 
TRANSLATION REQUIRED TO MAINTAIN SUPERSONIC FLOW FOR OPERATION AT AN 
INLET MACH NUMBER OF 1.4. 
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